To investigate the role of enhancer of zeste homolog (EZH) 1 and EZH2 in liver homeostasis, mice were generated that carried Ezh1 2/2 and EZH2 fl/fl alleles and an Alb-Cre transgene. Only the combined loss of EZH1 and EZH2 in mouse hepatocytes caused a depletion of global trimethylation on Lys 27 of histone H3 (H3K27me3) marks and the specific loss of over ∼1900 genes at 3 mo of age. Ezh1
POLYCOMB GROUP (PCG) proteins are essential epigenetic regulators in normal tissue homeostasis and are involved in transcriptional repression (1) . Polycomb proteins form chromatin-remodeling complexes referred to as Polycomb-repressive complexes (PRCs) (2) . PRC2 consists of 3 core subunits, including embryonic ectoderm development, suppressor of zeste 12 homolog, and enhancer of zeste homolog (EZH) 2, which catalyzes trimethylation on Lys 27 of histone H3 (H3K27me3) (3) . Recent studies have shown that EZH1, a homolog of EZH2, also has histone H3K27 methyltransferase activity and binds to an overlapping subset of genes (4). EZH1 and EZH2 have different expression patterns. EZH2 is found in actively proliferating cells, whereas EZH1 expression is higher in nonproliferative adult tissues (4) . EZH1 partially compensates for the loss of EZH2, as shown in cells lacking only Ezh2 (5) .
The primary function of PRCs is the repression of gene expression through the introduction of H3K27me3 marks. However, little is known about the role of PRC2, and the associated degree of H3K27me3, in liver homeostasis and disease. Deregulation of PcG proteins has been observed in many solid tumors, and loss-of-function mutations in the Ezh2 gene have been linked to hematopoietic malignancies in mice and men (6) . In contrast, elevated levels of EZH2 have been described in solid tumors and Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; Anxa2, annexin A2; AST, aspartate aminotransferase; CCl 4 , carbon tetrachloride; CD-24, Cd24a cd24a antigen; Cdkn2a, cyclin-dependent kinase inhibitor 2A; Cdkn2b, cyclin-dependent kinase inhibitor 2B; ChIP, chromatin immunoprecipitation; ChIP-seq, chromatin immunoprecipitation with parallel sequencing; Cidea, cell death-inducing DNA fragmentation factor a subunit-like effector A; Col1a1, are associated with poor prognosis in hepatocellular carcinoma (HCC) (7) . Although PRC2 was originally identified as a suppressor associated with H3K27me3 mark at target genes, recent evidence suggests that EZH2 can also control gene expression by serving as a transcription coactivator and by methylating cellular proteins (8, 9) . The histone methyltransferase EZH1 also appears to strive beyond its enzymatic activity and binds to transcriptional start sites to promote RNA polymerase II elongation (10) .
To directly address the role of PRC2 in adult liver homeostasis, as well as its impact on disease progression, Ezh1 and Ezh2 conditional knockout mouse models were generated. Our initial study demonstrated that the loss of EZH2 alone did not produce any apparent effect on liver phenotype, possibly due to compensation by EZH1. Therefore, we generated a double Ezh1 and Ezh2 knockout (E1/2KO) mouse model by breeding Ezh1 knockout (E1KO) mice (unpublished data; no specific phenotype) with Ezh2
fl/fl
Alb-Cre [Ezh2 knockout (E2KO)] mice. Loss of EZH1 or EZH2 alone affected neither H3K27me3 marks nor liver biology. In contrast, the combined ablation of EZH1 and EZH2 in mouse hepatocytes disrupted H3K27me3 homeostasis, increased sensitivity to injury, and reduced the efficiency of liver regeneration in response to toxic stress or loss of tissue mass. These genetic Figure 1 . Combined deletion of Ezh1 and Ezh2 resulted in the loss of H3K27me3 marks in hepatocytes. A) Representative photographs depict the mRNA expression of Ezh1 and Ezh2 by RNA-seq in WT, E1KO, E2KO, and E1/2KO livers at 3 mo of age. E1/2KO livers showed the lack of Ezh1 and Ezh2 expression. Exons encoding the SET domainofEzh2(redrectangle).B) Top panels are representative images of H3K27me3 immunofluorescence at 3 mo of age. H3K27me3 marks are absent in E1/2KO hepatocytes (arrows), but present in nonparenchymal cells (arrowheads). Bottom panels show gross liver morphology in mice of indicated genotypes at 8 mo of age. Only E1/2KO livers showed a nodular appearance (arrows). b-cat, b-catenin. C) Serum levels of ALT, AST, ALP, and albumin at 8 mo of age.Dataarethe mean 6 SD (n = 5). *P , 0.05 as compared to the age-matched WT, E1KO, and E2KO.
(continued from previous page) collagen type I a1; Col1a2, collagen type I a2; Col4a2, collagen type IV a2; CTGF, connective tissue growth factor; E1/2KO, Ezh1 and Ezh2 knockout; E1KO, Ezh1 knockout; E2KO, Ezh2 knockout; EpCAM, epithelial cell adhesion molecule; EZH, enhancer of zeste homolog; FDR, false discovery rate; FPKM, fragment per kilobase of exon per million fragments mapped; Gadd45b, growth arrest and DNA-damage-inducible 45 b; GEO, gene expression omnibus; H3K27me3, trimethylation on Lys 27 of histone H3; HCC, hepatocellular carcinoma; H&E, hematoxylin and eosin; HOMER, Hypergeometric Optimization of Motif EnRichment; HPC, hepatic progenitor cell; Krt, keratin; PcG, Polycomb group; PHx, partial hepatectomy; PRC, Polycomb-repressive complex; Prom1, prominin 1; RNA-seq, RNA sequencing; Tgfbi, TGF-b induced; Tnfaip8, TNF-a-induced protein 8; WT, wild-type experiments illustrate a critical role of EZH1 and EZH2 both for physiologic and compensatory liver regeneration.
MATERIALS AND METHODS
Generation of the E1/2KO mouse E1KO mice were generated by the lab of Thomas Jenuwein (Research Institute of Molecular Pathology, Vienna, Austria) and Ezh2 fl/fl mice by the lab of Alexander Tarakhovsky (Rockefeller University, New York, NY, USA) (11) . Ezh2 fl/fl mice were subsequently bred with Alb-Cre transgenic mice, and their offspring were bred with E1KO mice to generate double E1/2KO. This breeding scheme yielded Ezh1 
Animal studies
Animals were housed in an Association for Assessment and Accreditation of Laboratory Animal Care facility and cared for in accordance with the guidelines from the Animal Care and Use Committee at the National Institute of Diabetes and Digestive and Kidney Diseases. Only male mice were used in the experiments. To address the toxin-induced liver injury with carbon tetrachloride (CCl 4 ), 3-mo-old male mice were divided into 4 experimental groups (n = 27 mice for each genotype): 1) WT, 2) E1KO, 3) E2KO, and 4) E1/2KO. Mice received intraperitoneal injections of CCl 4 (0.2 ml/kg) in corn oil (Sigma-Aldrich, St. Louis, MO, USA) twice a week for 2 wk. Mice were killed 2 d after the first, second, and fourth injection (9 mice per group per time point). For the partial hepatectomy (PHx) experiment, mice were anesthetized with a mixture of isoflurane/oxygen, and right medial, left medial, and left lateral lobes were excised resulting in removal of two-thirds of the hepatic mass. Livers were harvested, weighed, and processed for subsequent analysis 48 h after surgery (5 mice per genotype). Liver regeneration was assessed by weight gain, analysis of proliferating cell nuclear antigen Ki67, and serum markers of liver integrity and function, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), total bilirubin, and albumin. Blood samples were obtained from the heart under isoflurane anesthesia before killing. At least 3 animals were used for each time point.
Immunofluorescence and special stains
Livers were fixed in 10% neutral buffered formalin, embedded in paraffin, and stained with hematoxylin and eosin (H&E) for routine histopathologic examination, and processed for Masson's trichrome and immunofluorescence staining. Primary antibodies used were anti-Ezh2 (5246S; Cell Signaling Technology, Beverly, MA, USA); anti-H3K27me3 (07-449; Millipore, Temecula, CA, USA); anti-CTGF (connective tissue growth factor) (ab59681; Abcam, Cambridge, MA, USA); anti-Ki67 (ab16667; Abcam); anti-b-catenin (BD Transduction Laboratories, San Jose, CA, USA); and A6 (12) .
RNA-sequencing analysis
RNA-sequencing (RNA-seq) analysis was performed using each 3 WT, E1KO, E2KO, and E1/2KO mice at 3 and 8 mo of age, and 3-mo-old mice exposed to CCl 4 (2 d after the first and fourth injection). Poly(A) RNA was purified twice from 1 mg total RNA, and cDNA was synthesized using SuperScript II (Invitrogen, Life Technologies, Carlsbad, CA, USA) and TruSeq RNA Sample Preparation Kit (Illumina Incorporated, San Diego, CA, USA) and sequenced using HiSeq 2000 (Illumina). The single-end reads of biologic replicates obtained from each sample were (14) was used to detect significantly up-regulated genes with an FDR-adjusted P value of 0.05 (asterisk).
aligned to the mouse reference genome (mm9 assembly) using the TopHat program (13) . Transcript abundance was estimated by means of fragment per kilobase of exon per million fragments mapped (FPKM) by Cufflinks (14) . Differentially expressed genes were identified with Cufflinks with an adjusted P value of 0.05 (14) . The RNA-seq data set has been deposited in the gene expression omnibus (GEO) database under accession number GSE53627.
Chromatin immunoprecipitation and parallel sequencing
Histone H3K4me3 and H3K27me3 chromatin immunoprecipitation with parallel sequencing (ChIP sequencing) were initially performed and processed by Active Motif, Incorporated (Carlsbad, CA, USA), on liver tissues of WT, E1KO, E2KO, and E1/2KO mice. Antibodies against histone H3K4me3 (17-614; Millipore) and H3K27me3 (07-449; Millipore) were used for ChIP. H3K4me3 ChIP-seq was checked again by using hepatocytes. Primary hepatocytes were isolated from WT and E1/2KO mice using a 2-step collagenase digestion method, as previously reported (15) . The yield and viability of the isolated hepatocytes were 1.0-1.5 3 10 7 cells per animal and .90%, respectively. Primary hepatocytes were cross-linked with 1% formaldehyde for 10 min. Nuclei were extracted in Farnham lysis buffer [5 mM PIPES (pH 8.0), 85 mM KCl, 0.5% NP-40, and protease inhibitor]. Chromatin was fragmented to 200-300 bp by sonication using a MISONIX Sonicator 3000 (QSonica; Newtown, CT, USA). The ChIP DNA fragments were blunt ended and ligated to the Illumina Indexed DNA adaptors using NEBNext ChIP-seq Library Prep Master Mix Set for Illumina (New England BioLabs, Ipswich, MA, USA), and sequenced using the Illumina HiSeq 2000. The singleend reads were aligned to the mouse reference genome (mm9 assembly). Spatial clustering for Identification of ChIP-Enriched Regions (SICER) identified H3K27me3-enriched regions with a false discovery rate (FDR) cutoff of 0.01 (16) . Hypergeometric Optimization of Motif EnRichment (HOMER) pinpointed H3K4me3 enriched regions with an FDR cutoff of 0.001 (17) . Total number of reads in each sample was normalized to 10 million by HOMER. All snapshots were obtained from an integrative genomics viewer (18) . The ChIP-seq set has been deposited in the GEO database under accession number GSE53627.
Statistical analysis
All biochemical data were expressed as the mean 6 SD. The Student's t test and ANOVA test were used to determine significance. The survival study was determined using the Kaplan-Meier survival curve. For survival studies, statistical significance (P , 0.05) was analyzed using the log-rank test. The Mann-Whitney U test was used for expression data (P , 0.01). Cuffdiff (14) was used to detect significantly up-regulated genes in RNA-seq data (FDRadjusted P value ,0.05).
RESULTS

Combined loss of EZH1 and EZH2 results in liver damage and activation of hepatic progenitor cells
To elucidate the role of Ezh1 and Ezh2 in postnatal liver biology, Ezh1 2/2 mice (E1KO) and mice harboring Ezh2 floxed alleles were used (5, 11). The Alb-Cre transgene (19) was introduced into Ezh2 fl/fl mice to generate liver-specific conditional Ezh2 mice (E2KO) that were subsequently crossed with E1KO mice to generate double-knockout mice referred to as E1/2KO. RNA-seq from liver tissue confirmed the absence of Ezh1 mRNA and transcripts corresponding to the deleted exons (exons encoding the SET domain of Ezh2) of Ezh2 (Fig. 1A) (n = 3 mice per each genotype per time point). H3K27me3 immunofluorescence staining was performed to assess the extent to which EZH1 and EZH2 control the presence of H3K27me3 marks in hepatocytes (n = 9 mice for each genotype). The staining patterns for H3K27me3 in E1KO and E2KO livers were indistinguishable from that found in WT controls (96 and 92% of positive hepatocytes vs. 89% in WT controls), supporting the notion that these 2 methyltransferases have overlapping redundant functions (Fig. 1B, top panel) . However, the loss of both Ezh1 and Ezh2 caused a strong down-regulation of H3K27me3 expression in hepatocytes (Fig. 1B, top panel) . Quantitative estimates of H3K27me3 staining revealed just 4% of positive hepatocytes in E1/2KO livers, whereas the H3K27me3 expression in nonparenchymal cells was not affected (78, 81, 78, and 92% in WT, E1KO, E2KO, and E1/2KO livers, respectively).
Consistent with this, mice lacking either Ezh1 globally or Ezh2 specifically in hepatocytes did not display any abnormalities in gross liver appearance and histology, at least up to 8 mo of age (Fig. 1B, bottom panel) (n = 18 mice per each genotype per time point). In striking contrast, 16 out of 18 E1/2KO livers had acquired a nodular surface by 8 mo of age (Fig.1B, bottom panel) . In addition, E1/2KO mice displayed a broad impairment of liver function as evidenced by reduced serum albumin levels and a significant increase in serum levels of ALT and AST, sensitive indicators of hepatocyte integrity. ALP, a marker of biliary obstruction, was also increased in the combined absence of EZH1 and EZH2 as compared to WT or any single knockout mice (Fig. 1C) . Histologically, E1/2KO livers did not show any obvious structural abnormalities at 3 mo of age ( Fig. 2A, top panel) . However, there was a modest increase in proliferation as judged by Ki67 staining (2.1-fold; P , 0.003) in E1/2KO livers as compared to age-matched WT controls, a reflection of ongoing tissue damage (Fig.  2B, top panel) . By 8 mo, E1/2KO livers had developed numerous regenerative nodules surrounded by extensive portal and periportal inflammation ( Fig. 2A , middle and bottom panels, and Supplemental Fig. 1 ). The nodular regeneration was paralleled by a prominent accumulation of ductular structures that expressed the progenitor/ biliary cell marker A6 (Fig. 2B, bottom panel) . This was corroborated by results of RNA-seq analysis, which revealed a strong up-regulation of several hepatic progenitor cell (HPC)-related genes in 8-mo-old livers, including keratin (Krt) 7 (CK-7), Krt19 (CK-19), epithelial cell adhesion molecule (EpCAM), prominin 1 [(Prom1) CD-133], and cd24a antigen [(Cd24a) CD-24] in E1/2KO livers (Fig. 2C) . This was corroborated by these data that genetic deletion of both Ezh1 and Ezh2 caused liver damage and activation of HPCs.
Masson's trichrome staining confirmed the presence of dense collagen deposition in periportal areas in doubleknockout livers (Fig. 3A, top panel) . This was paralleled by a stronger activation of hepatic stellate cells, a key contributor to fibrosis (Fig. 3A, middle panel) , and immunofluorescence staining for the CTGF, which was observed only in E1/2KO livers (Fig. 3A, bottom panel) . Further reinforcing the presence of advanced fibrosis, expression The number of Ki67-positive cells was determined in 5 independent confocal images taken at 3200 magnification and expressed as numbers per field. Data are the mean 6 SD (n = 3 mice for each genotype). **P , 0.01; ***P , 0.0001. D) H&E staining of WT and E1/2KO livers. E) Serum levels of total bilirubin and albumin 2 d after the first and fourth injection of CCl 4 to 3-mo-old mice. Data are the mean 6 SD (n = 5 mice per each genotype per time point).
EZH1 AND EZH2 CONTROL HEPATOCYTE HOMEOSTASIS AND REGENERATION
of genes associated with fibrosis was elevated in E1/2KO tissue by 8 mo of age. Among these were collagen type I a1 (Col1a1), collagen type I a2 (Col1a2), collagen type IV a2 (Col4a2), Ctgf, TGF-b induced (Tgfbi), and annexin A2 (Anxa2) (FDR-adjusted P value ,0.05) (Fig. 3B ). In the absence of both Ezh1 and Ezh2, the expression of Cidea, a gene linked to liver metabolism and hepatic steatosis, was also elevated (FDR-adjusted P value ,0.05) (Supplemental Table 1 ) (18) . In addition, the combined loss of Ezh1 and Ezh2 in mouse livers caused activation of genes that are normally quiescent, including members of the Hox and Pax gene families (Supplemental Table 2 ). These lineage-specific genes are particularly sensitive to the status of H3K27me3 at 3 mo of age, and inappropriate activation in the absence of EZH2 has been observed in other systems (17) .
CCl 4 triggered hepatocyte death, decreased liver regeneration, and caused activation of HPCs in E1/2KO livers
To assess the role of EZH1 and EZH2 under a stress condition, we subjected 3-mo-old EZH1, EZH2, and E1/2KO mice and WT controls to chronic (twice a week) treatment with CCl 4 and compared the extent of liver injury (n = 9 mice per each genotype per time point). Remarkably, all (9 out of 9) E1/2KO mice died within 3 wk of treatment after receiving 4 injections of CCl 4 (2 ml/kg, 2 times per wk) (Fig. 4A) . No deaths were observed in the similarly treated WT, E1KO, and E2KO littermates.
An analysis of compensatory regeneration using the proliferative marker Ki67 corroborated these findings. The quantitative estimates of Ki67 staining revealed that hepatocytes lacking both Ezh1 and Ezh2 were unable to elicit an adequate proliferative response to CCl 4 -mediated tissue injury (Fig. 4B) . The rate of hepatocyte proliferation in E1/ 2KO livers was significantly reduced already after a single injection of CCl 4 and severely blunted after 4 injections (Fig. 4C) . In addition, mutant livers showed a greater cellularity in the periportal areas suggestive of increased inflammatory reaction, and more severe hydropic degeneration developed after a single injection of CCl 4 (Fig.  4D) . E1/2KO mice also displayed a sharp elevation in serum bilirubin, and a decrease in albumin content as compared to the CCl 4 -treated WT controls as a reflection of the reduced functional performance of mutant hepatocytes (Fig. 4E) . Notably, these observations were supported by RNA-seq experiments used to identify gene expression changes after 1 and 4 injections of CCl 4 (n = 3 mice per group per time point). Based on the online tool "Database for Annotation, Visualization and Integrated Discovery" version 6.7, the activated genes were involved in cell death and cell cycle regulation. The expression of cyclin-dependent kinase inhibitor 2A (Cdkn2a), cyclin-dependent kinase inhibitor 2B (Cdkn2b), cell death-inducing DNA fragmentation factor a subunit-like effector A (Cidea), TNFa-induced protein 8 (Tnfaip8), and growth arrest and DNA-damage-inducible 45 b (Gadd45b) was significantly elevated in E1/2KO livers (Fig. 5A) .
In response to CCl 4 treatment, E1/2KO livers also displayed an increase of A6-positive bile ductules and small A6-positive progenitor-like cells located in the periportal areas, which is consistent with the notion that HPCs are activated when mature hepatocytes are damaged and unable to proliferate (20) . Histologically, A6-positive cells increased in number and expanded into parenchyma after 4 CCl 4 injections, whereas A6-positive immunofluorescence was limited to the periportal regions in WT livers (Fig. 5B) . RNA-seq analyses also revealed that the expression levels of several HPC-related genes, including CK-19 (Krt19), Epcam, CD-133 (Prom1), CD-24 (Cd24a), and CK-7 (Krt7), were significantly increased in E1/2KO livers following 4 injections of CCl 4 in E1/2KO (Fig. 5C ).
Failure of efficient hepatocyte regeneration after PHx
To support the results obtained after CCl 4 injection, twothirds PHx were performed on WT and E1/2KO mice at 3 mo of age (n = 5 mice for each genotype). Consistently, E1/ 2KO mice showed a sharp increase in serum ALT, AST, and total bilirubin and a significant decrease in serum albumin 48 h after PHx (Fig. 6A) . Furthermore, E1/2KO livers showed a significant decline in the number of Ki67-positive cells as compared to WT (Fig. 6B ) as well as a reduced recovery of liver mass calculated as a percentage of body mass (Fig. 6C) . Histologic examination also revealed less frequent mitosis and pronounced lipid accumulation in E1/2KO livers (Fig. 6D) . The results of CCl 4 and PH experiments demonstrate that deletion of Ezh1 and Ezh2 in hepatocytes predisposes liver to damage and impairs its regenerative potential.
Gene-specific reduction of H3K27me3 is associated with increased transcription
ChIP-seq was used to establish global and gene-specific H3K27me3 marks in liver tissue from 3-mo-old WT, E1KO, E2KO, and E1/2KO mice (Fig. 7A) . Consistent with the results of H3K27me3 immunofluorescence staining (Fig.  1B) , H3K27me3 marks were reduced only in E1/2KO samples ( Fig. 7A and Supplemental Table 3 ). A total of 1956 genes showed at least a 1.5-fold reduction of H3K27me3 in their promoter regions, and 51 genes showed a clear correlation between H3K27me3 marks and gene expression (Supplemental Table 3 ). In particular, H3K27me3 marks were decreased in genes linked to fibrosis (Ctgf, Tgfbi, and Anxa2) and the locus encoding the cell cycle regulatory genes Cdkn2a and Cdkn2b (Fig. 7B) . Correspondingly, H3K4me3 marks in the same genes were elevated (Fig. 7B) , with the increased expression observed already at 3 mo of age (Fig. 7A) . Of note, there were no significant changes of H3K4me3 marks between whole-liver tissues and primary hepatocytes in WT and E1/2KO mice (Supplemental Fig. 2) .
Based on these results, it can be hypothesized that altered histone modifications might change the susceptibility of specific genes to environmental stimuli, such as age and exposure to toxins. To test this hypothesis, expression levels of genes displaying reduced H3K27me3 were compared to those without significant changes in histone modifications (Fig. 7C) . RNA-seq analyses were performed using 3-and 8-mo-old mice and mice treated with 1 and 4 injections of CCl 4 . Neither age nor CCl 4 exposure affected the expression of genes with an unaltered H3K27me3 pattern, whereas those displaying altered histone modifications were significantly up-regulated in response to aging and CCl 4 treatment. This result suggests that the status of H3K27me3 and H3K4me3 is a critical molecular determinant for genes responding to environmental stimuli and that EZH1 and EZH2 are essential for this process. Figure 6 . The genetic loss of EZH1 and EZH2 increases hepatocyte damage and reduces hepatocyte proliferation during compensatory liver regeneration induced by two-thirds PHx. A) Serum levels of ALT, AST, and total bilirubin are increased and levels of albumin decreased in E1/2KO mice at 48 h after PHx. B) Top panels show representative immunofluorescence staining for cell proliferation marker Ki67 (red). Nuclei were counterstained with DAPI. Bottom panels show quantification of Ki67-positive hepatocytes. The number of Ki67-positive cells was determined in 5 independent confocal images taken at 3200 magnification and expressed as numbers per field. Data are the mean 6 SD (n = 5 mice for each genotype). *P , 0.05 as compared to the age-matched WT. C) Reduced recovery of liver mass in E1/2KO mice calculated as percentage of body mass. D) Representative H&E staining. Arrows indicate dividing hepatocytes. Scale bars in (B) and (D) are 50 and 100 mm, respectively.
DISCUSSION
The requirement of PRC2 in liver homeostasis and regeneration was investigated in double-knockout mice generated by crossing Ezh1-null and Ezh2 conditional-null mice. Only the combined loss of EZH1 and EZH2 in mouse hepatocytes caused a global depletion of H3K27me3 marks in genes associated with hepatocyte homeostasis and regeneration. E1/2KO mice developed progressive liver abnormalities during postnatal ontogenesis such as fibrosis, regenerative nodules, and activation of HPCs. E1/2KO livers also displayed increased hepatic degeneration and reduced ability to proliferate in response to toxic treatment with CCl 4 or standard PH. EZH1 partially complements for EZH2 loss in embryonic and skin stem cell (5, 21) . Our studies show that a similar mechanism may likely play a role in mouse hepatocytes. Because H3K27me3 is quantitatively abolished only upon the combined loss of both EZH1 and EZH2, it is clear that these 2 proteins possess compensatory methyltransferase activities in hepatocytes. However, upregulation of Ezh2 has been reported in HCC, and downregulation of Ezh2 reduced H3K27me3 in HCC cells (7) . In vitro knockdown of Ezh2 in human HCC cell lines reduced H3K27me3, but as shown here, in vivo E2KO in hepatocyte in genetically engineered mice did not show significant reduction of H3K27me3 expression in hepatocytes. The possibility that EZH2 contributes differently to the Figure 7 . Genes displaying altered histone marks due to the combined loss of EZH1 and EZH2 are highly susceptible to epigenetic dysregulation. A) Heatmap shows changes in H3K4me3, H3K27me3, and gene expression levels in tissues with different genotypes (3-mo-old mice). Genes showing a 2-fold change of H3K4me3 or 1.5-fold change of H3K27me3 are shown (n = 124). B) Enrichment of H3K27me3 and H3K4me3 on 5 loci is shown through the UCSC Genome Browser. The light-blueshaded boxes represent the promoter of genes. C) Expression levels of deregulated histone and nonaltered gene sets in the context of aging (3-and 8-mo-old mice) and toxic (CCl 4 ) administration were determined by RNA-seq. no sig. change, no significant change. *P , 0.01, Mann-Whitney U test. establishment of H3K27me3 marks in tissue culture cells in vitro and in liver tissue in vivo needs to be studied separately. The loss of Ezh1 and Ezh2 in mouse skin results in a change in fate determination in epidermal progenitor cells by repressing the transcription factor Sox2 (22). However, Sox2 expression was not increased in E1/2KO livers even though this gene was targeted by H3K27me3. E1/2KO livers displayed the expansion of A6-positive cells and increased expression of HPC-related genes. Compared to previous reports (23) (24) (25) , the E1/2KO model showed a late-onset expansion of HPCs (around 8 mo of age). Several HPC-related genes were up-regulated in E1/2KO livers after developing severe liver injury, and these were not related to the H3K27me3 marks' changes. These findings suggest that the activation of HPCs in E1/2KO livers may be caused by liver damage mediated by the loss of Ezh1 and Ezh2 function, rather than directly controlled by H3K27me3.
Among the most striking pathology of E1/2KO mice was the progressive loss of regenerative capacity of mutant hepatocytes and the reduced life span as compared to WT littermates. Most of the male E1/2KO mice had died by 12.6 mo, and they also showed high lethality after CCl 4 exposure. The likely explanation of the reduced survival may be the inability to maintain an adequate level of hepatocyte proliferation. Of note, the consistent activation of HPCs found in aging and CCl 4 -treated double-knockout livers was not sufficient to support the postnatal and compensatory liver regeneration, suggesting that the loss of both EZH1 and EZH2 may have direct or indirect effects on HPC proliferation and/or differentiation.
The loss of regenerative potential of E1/2KO livers was associated with the decrease of H3K27me3 marks and increase of H3K4me3 marks in Cdkn2a and Cdkn2b genes. Cdkn2a and Cdkn2b genes encode p16 and p15 inhibitors of the G1/S phase of the cell cycle (26) , and derepression of Cdkn2a has been suggested to induce cell death through downstream targets of p53, including p21 and Wig1 (27) . In E1/2KO hepatocytes, expression of Cdkn2a and Cdkn2b genes was up-regulated. CCl 4 experiments and PHx also revealed the decrease of regenerative function in E1/2KO mice. Taken together, these findings demonstrated that the loss of Ezh1 and Ezh2 was sufficient for the transcriptional activation of Cdkn2a and Cdkn2b genes. Notably, these PRC2 targets are also up-regulated in Ezh1/2-null hair follicles (5) . However, the loss of Bmi-1 in neural stem cells did not alter H3K27me3 but caused activation of Cdkn4a genes (28) . It remains to be determined whether EZH1 and EZH2 deregulation results in aberrant expression of these PRC2 target genes in other tissues.
In conclusion, this study demonstrates essential roles of the histone methyltransferases EZH1 and EZH2 in liver homeostasis and regeneration. We demonstrate for the first time that the combined loss of EZH1 and EZH2 in mouse hepatocytes and the concomitant disruption of H3K27me3 homeostasis promote liver fibrosis, decrease regenerative potential, and reduce overall survival both under physiologic conditions and stress. and Cdkn2b genes in E1/2KO were observed in whole liver tissues and primary hepatocytes (bottom). 
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